BACKGROUND: Conflicting information exists in the literature with respect to ovarian stromal blood flow in women with polycystic ovary syndrome (PCOS). We compared the ovarian stromal blood flow and serum vascular endothelial growth factor (VEGF) concentration between fertile women with normal ovaries and infertile women with PCOS. METHODS: In the second to fourth day of the menstrual period, they underwent transvaginal scanning with three-dimensional (3D) power Doppler to determine total antral follicle count (AFC), total ovarian volume, total ovarian vascularization index (VI), flow index (VFI) and vascularization flow index (VFI). Serum FSH, LH and VEGF concentrations were also checked. RESULTS: 107 fertile controls and 32 PCOS women were recruited. Fertile controls and PCOS women had similar total ovarian VI/FI/VFI after controlling for age of the woman, although PCOS women had significantly higher total AFC, total ovarian volume and serum LH concentration than fertile controls. Total ovarian VI/FI/VFI were significantly higher in normal weight (BMI < 25 kg/m 2 ) PCOS women than their overweight ($25 kg/m 2 ) counterparts. CONCLUSIONS: Fertile controls and PCOS women had similar total ovarian 3D power Doppler flow indices. Normal weight PCOS women had significantly higher total ovarian 3D power Doppler flow indices than their overweight counterparts.
Introduction
Polycystic ovary syndrome (PCOS) is the commonest endocrine disorder in women of reproductive age as this syndrome may affect 5-10% of premenopausal women (Franks, 1995) . Women with this syndrome may present with one, all or any combination of menstrual irregularities, chronic anovulation, infertility, obesity and hyperandrogenism. Recently, a revised definition of PCOS was agreed and required the presence of two from the following three diagnostic criteria: (i) oligo-and/or anovulation; (ii) clinical and/or biochemical features of hyperandrogenism; and (iii) the presence of polycystic ovary morphology (Rotterdam ESHRE/ASRMsponsored PCOS consensus workshop group, 2004). In recent years, transvaginal ultrasound has become the most commonly used diagnostic method for the identification of polycystic ovaries. In order to make a diagnosis of polycystic ovaries, either 12 or more follicles measuring 2 -9 mm in diameter, or increased ovarian volume (. 10 cm 3 ) should be present on scanning (Balen et al., 2003) .
Subjective assessment of the intensity and quantity of coloured areas during colour or power Doppler analysis usually appears to be higher in polycystic than normal ovaries. Increased ovarian stromal blood flow has been considered to be a new parameter to assist in the ultrasound diagnosis of polycystic ovaries. Zaidi et al. (1995) first reported a significantly greater mean ovarian stromal peak systolic blood flow velocity (PSV) and time averaged maximum velocity in PCOS women than infertile women with normal ovaries. Higher serum concentrations of vascular endothelial growth factor (VEGF) were found in PCOS women and were related to the increased ovarian stromal velocities, when compared with women with normal ovaries (Agrawal et al., 1998) . Both pulsatility index (PI) and resistance index (RI) of ovarian stromal vessels were significantly lower in polycystic than normal ovaries (Aleem and Predanic, 1996; Dolz et al., 1999) , although the mean ovarian PSV was not different between them (Aleem and Predanic, 1996) . Battaglia et al. (1995) also showed that the presence of ovarian stromal vascularization with low RI had a high diagnostic value for PCOS. Using three-dimensional (3D) ultrasound with power Doppler, Pan et al. (2002) demonstrated significantly higher ovarian stromal blood flow in PCOS women while Järvelä et al. (2002) found similar ovarian stromal blood flow between PCOS women and women with normal ovaries. Therefore, conflicting information exists in the literature with respect to ovarian stromal blood flow in PCOS women.
Folliculogenesis in the human ovary is a complex process regulated by a variety of endocrine and paracrine signals (McGee and Hsueh, 2000) . The availability of an adequate vascular supply to provide endocrine and paracrine signals may play a key role in the regulation of follicle growth (Redmer and Reynolds, 1996) . Ovarian stromal blood flow can be assessed by colour Doppler and power Doppler ultrasound. Power Doppler imaging is more sensitive than colour Doppler imaging at detecting low velocity flow and hence improves the visualization of small vessels (Guerriero et al., 1999) . In combination with three-dimensional (3D) ultrasound, power Doppler provides a unique tool with which to examine the ovarian stromal blood supply as a whole, as opposed to analysis of small individual stromal vessels in two-dimensional (2D) planes.
Infertile women with normal ovaries were chosen as normal controls in the above studies on ovarian stromal blood flow in PCOS. The details of the normal controls were not given in the studies of Battaglia et al. (1995) and Dolz et al. (1999) . It is possible that ovarian stromal blood flow is reduced in infertile women and therefore fertile women with normal ovaries may be a much better choice for comparison. The aims of this prospective study were (i) to compare the ovarian stromal blood flow measured by 3D power Doppler ultrasound and serum VEGF concentration between fertile women with normal ovaries and infertile women with PCOS, and (ii) to compare the ovarian stromal blood flow and hormonal parameters of PCOS women in relation to their body mass index (BMI) and AFC.
Materials and methods
PCOS women were recruited from those attending Department of Obstetrics & Gynaecology, University of Hong Kong, for infertility treatment if they had irregular long menstrual cycles (. 35 days) and presence of $ 12 antral follicles on transvaginal scanning (Balen et al., 2003) . On the basis of BMI, we divided PCOS women into normal weight (BMI , 25 kg/m 2 ) and overweight ($ 25 kg/m 2 ) (WHO expert consultation, 2004) . Fertile women with normal ovaries were selected from our previous study (Ng et al., 2004) if they were # 40 years old, had history of spontaneous conception(s), regular menstrual cycles with cycle length of 25 -35 days with # 4 days difference between cycles and no evidence of polycystic ovaries on both sides during scanning. Women aged . 40 years were not recruited as controls because ovarian stromal blood flow measured by 3D power Doppler ultrasound was significantly reduced in those aged $41 years. Exclusion criteria were: (a) history of tubal or ovarian surgery, (b) smoking, and (c) history of taking sex hormonal preparation within 3 months. Poor visualization of ovaries because of abdominal position and presence of an ovarian cyst of $20 mm in diameter were retrospectively excluded. No women with polycystic ovaries were excluded because of poor visualization. Every patient gave a written informed consent prior to participating in the study, which was approved by the Ethics Committee, Faculty of Medicine, University of Hong Kong. They did not receive any monetary compensation for participation in the study.
They attended the Day Care Centre for a transvaginal ultrasound examination and blood test in the early follicular phase (Days 2 -4) of a spontaneous menstrual period in women with regular periods or a withdrawal bleeding in women with long irregular cycles. The details and reliability of 3D volume acquisition and data analysis were as previously described (Chan et al., 2003; Ng et al., 2004) . All 3D ultrasound examinations were performed at 8 -10 am by EHYN using Voluson 730 (Kretz, Zipf, Austria) with a 5 -9 MHz transvaginal probe, after the patients had emptied the bladder. AFC was obtained in the multi-planar view and the intraobserver coefficient of variation for AFC was 7%. Both ovaries were then scanned with the power Doppler mode. The setting condition for this study was: frequency: mid; dynamic set: 2; balance: G . 140; smooth: 5/5; ensemble: 12; line density: 7; Power Doppler map: 5; and the setting condition for the sub-Power Doppler mode was: gain: 26.0; balance: 140; quality: normal; wall motion filter: low1; velocity range: 0.9 kHz. The 3D ultrasound images were stored for later analysis by E.H.Y.N.
The built-in VOCAL (virtual organ computer aided analysis) Imaging Program for the 3D power Doppler histogram analysis was used to determine the ovarian volume and indices of vascularization and blood flow. Vascularization index (VI) measures the number of colour voxels representing the blood vessels in the ovary and is expressed as a percentage (%) of the ovarian volume. Flow index (FI) is the mean colour value in the colour voxels and represents the average intensity of flow inside the ovary. Vascularization flow index (VFI) made by multiplying VI and FI is a combination of vascularity and flow (Pairleitner et al., 1999) . During the analysis and calculation, the manual mode of the VOCAL Contour Editor was used to cover the whole 3D volume of the ovary with a 158 rotation step. Hence, 12 contour planes were analyzed for each ovary to cover 1808.
The mean intraclass correlation coefficient (ICC) with 95% confidence interval (CI) for 3D scanning of ovarian volume, VI, FI and VFI were 0. Blood was then taken for the measurement of FSH, LH and VEGF concentrations. The blood samples were processed by centrifuge within 2 h of collection and the supernatant was stored at 2 20 8C for subsequent analysis. Serum FSH and LH concentrations were measured using commercially available kits (Automated Chemiluminescence System, Bay Corporation, NY). The sensitivity of the FSH assay was 0.3 IU/l and the intra-and inter-assay coefficients of variation were 1.7% and 2.8%, respectively. The sensitivity of the LH assay was 0.07 IU/l and the intra-and inter-assay coefficients of variation were 4.5% and 5.2%, respectively. Serum VEGF was measured by a quantitative sandwich enzyme immunoassay technique (Quantikine, R & D Systems, Oxon, UK), which was designed to measure VEGF 165 levels. The minimum detectable VEGF concentration by the assay was 9.0 pg/ml. The inter-assay coefficients of variation were 8.8%, 7.0% and 6.2% at the concentrations of 65, 250 and 1003 pg/ml, respectively, whereas the intra-assay coefficients of variation were 6.7%, 4.5% and 5.1% at the concentrations of 54, 235 and 910 pg/ml, respectively.
Concentrations of serum free testosterone, androstenedione, dehydroepiandrosterone sulphate (DHEAS), sex hormone binding globulin (SHBG) and fasting leptin were checked in PCOS women. Serum free testosterone, androstenedione, DHEAS and leptin were measured by immunoassay (Diagnostic Systems Laboratories, Texas) and serum SHBG concentration was measured by immunoassay (Human Gesellschaft für Biochemica und Diagnostica, Wiesbaden, Germany).
Statistical analysis
The primary outcome measures included VI, FI and VFI of both ovaries and serum VEGF concentration. Continuous variables were not normally distributed and were given as median (range), unless indicated. Statistical tests were carried out by Mann-Whitney U tests, where appropriate. Two way ANOVA was then used for comparison in order to control the difference in the age of women between normal fertile women and PCOS women. Correlation was assessed by the Spearman rank method. P-value (two-tailed) of , 0.05 was taken as significant.
Results
A total of 139 women were recruited into the study: 107 normal fertile controls and 32 PCOS women. PCOS women were significantly younger and had significantly higher total AFC, total ovarian volume, total ovarian VI/FI/VFI than that of normal fertile controls (Table I) . Serum LH concentration was significantly higher and serum FSH concentration was significantly lower in PCOS women than normal fertile controls. BMI and serum VEGF concentrations were similar between the two groups. After adjusting for the difference in the age of women between the two groups, significant differences were found in total AFC, total ovarian volume and serum LH concentration only between normal fertile controls and PCOS women (Table I) .
Normal fertile controls
Total ovarian VI/FI/VFI was not correlated with age of women and BMI. Age of women was negatively correlated with total AFC (r ¼ 2 0.323; P ¼ 0.001) and positively correlated with serum FSH concentration (r ¼ 0.368; P , 0.001) only.
PCOS women
Total ovarian VI / FI / VFI was negatively correlated with BMI, which was positively correlated with age of women (Table II) . Total AFC was positively correlated with serum LH concentration only.
Total ovarian VI/FI/VFI were significantly higher and fasting serum leptin concentration was significantly lower in normal weight PCOS women than their overweight counterparts (Table III) . Total ovarian VI/FI/VFI were similar in PCOS women with total AFC , 38 or $ 38, which is the median total AFC in PCOS women (Figure 1 ).
Discussion
This study compared the total ovarian 3D power Doppler flow indices and serum VEGF concentration between normal fertile controls and PCOS women. We demonstrated that the total ovarian 3D power Doppler indices were significantly higher in PCOS women than normal fertile controls but such significant differences in total ovarian 3D power Doppler indices could not be found between the two groups after adjusting for the difference in age of women. Our findings supported that of Järvelä et al. (2002) , who could not demonstrate that the stroma of polycystic ovaries was more vascularized than that of normal ovaries. However, Järvelä et al. (2002) performed 3D ultrasound examination during cycle days 8 -16 in patients with PCO and five out of 14 patients with PCO had a dominant follicle, which would reduce the ovarian stromal blood flow. In that study, PCO was defined in that study as the presence of $ 8 subcapsular follicles of Two way ANOVA after adjusting the difference in the age of women. 
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2-8 mm in diameter in one 2D plane in either of the ovaries. We found significantly higher ovarian stromal blood flow in normal weight PCOS women than their overweight counterparts. No significant difference in RI of ovarian stromal vessels between lean (BMI , 23 kg/m 2 ) and obese (BMI . 25 kg/m 2 ) PCOS women was shown by Battaglia et al. (1996) . Similarly, Dolz et al. (1999) could not find any difference in intraovarian PI and RI between non-obese (BMI , 25 kg/m 2 ) and obese (BMI . 25 kg/m 2 ) PCOS women. We could not give any explanation for an increased ovarian stromal blood flow observed in normal weight PCOS women as both normal weight and overweight PCOS women were of similar age and had comparable hormonal profiles, except the difference in fasting leptin concentration. Our result differed from that of Pan et al. (2002) but different control groups were used in these two studies. We selected fertile women with normal ovaries while Pan et al. Table III (2002) chose infertile women with normal ovaries. Moreover, Pan et al. (2002) found significant differences in age of women and BMI between infertile women with normal ovaries and PCOS but did not control these when comparing ovarian 3D power Doppler flow indices. Our Doppler ultrasound findings also appeared to be contradictory to the histological documentation of increased vascularity in the Stein -Leventhal ovaries syndrome (Hughesdon, 1982) but different methods were employed to determine vacularity and ovarian stromal blood flow. Our previous study (Ng et al., 2004) addressing the effect of age on ovarian stromal blood flow in normal fertile women revealed that total ovarian VI/FI/VFI was negatively correlated with age of women and was positively correlated with total AFC. In PCOS women, the relationship among the age of women, total AFC and total ovarian VI/FI/VFI seemed to be different. The total ovarian VI/FI/VFI in PCOS women was positively correlated with BMI only but was not correlated with age of women and total AFC. The vascular impedance to blood flow was not influenced by total AFC and no correlation was found between serum hormone concentration and PI and RI of ovarian stromal vessels in PCOS women (Aleem and Predanic, 1996) . In contrast, Dolz et al. (1999) showed that the total AFC was directly related to the degree of intraovarian vascular flow pattern during colour Doppler analysis. Only 2D ultrasound was used in these two studies (Aleem and Predanic, 1996; Dolz et al., 1999) .
Angiogenesis plays an important role in both the follicular and luteal phases of an ovarian cycle and VEGF is one of the key factors regulating angiogenesis in the ovary (Abulafia and Sherer, 2000; Geva and Jaffle, 2000) . VEGF is a diffusible endothelia cell mitogen with potent angiogenic properties (Senger et al., 1983; Ferrara and Henzel, 1989; Gospodarowicz et al., 1989) . Within the ovary, it is expressed in the theca cells (Gordon et al., 1996) , granulosa and lutein cells (Phillips et al., 1990; Shweiki et al., 1993; Koos, 1995; Neulen et al., 1995) and the interstitial tissue (Kamat et al., 1995 (Fujimoto et al., 1998; Otani et al., 1999) . We did not observe any difference in serum VEGF concentration between normal fertile controls and PCOS women and between normal weight and overweight PCOS women in the present study. These data differed from those of Agrawal et al. (1998) , who reported that serum VEGF concentration was significantly higher in PCOS women, and were related to the increased ovarian stromal vascularity shown by Doppler blood flow velocity measurement in these women, when compared with women with normal ovaries.
The regulation of ovarian angiogenesis is a complex process and other vasoactive and angiogenic factors including angiopoietin, angiogenin and fibroblast growth factor are also involved (Geva and Jaffle, 2000) . Elevated serum LH concentration may be a cause of increased ovarian stromal blood flow in PCOS women through the action of prostaglandins (Aleem and Predanic, 1996) . A linear increase in the capillary cross-sectional area of the theca interna was observed after the LH surge in a spontaneous cycle and the increase in capillary area was attributed to vasodilatation rather than increase in the number of vessels (Cavander and Murdoch, 1990) . Prostaglandins E2 and I2 are potent vasodilators, which markedly increase local blood flow (Raud, 1990) . Serum LH concentration was significantly increased in PCOS women than normal fertile controls. When compared with overweight PCOS women, there was also a trend of higher serum LH concentration in normal weight PCOS but the difference did not reach statistical significance. A positive relationship existed between serum LH concentration and increased PSV of ovarian vessels (Aleem and Predanic, 1996) .
Ovarian stromal blood flow has been examined in assisted reproductive methods to predict the ovarian response to gonadotrophins (Zaidi et al., 1996; Bassil et al., 1997; Engmann et al., 1999; Kupesic and Kurjak, 2002; Kupesic et al., 2003; Popovic-Todorovic et al., 2003) . PCOS patients are more sensitive to the stimulation of gonadotrophins and are at higher risk of ovarian hyperstimulation syndrome (Aboulghar and Mansour, 2003) . Increased ovarian stromal blood flow in PCOS patient, especially in normal weight PCOS women shown in our study, may lead to a greater delivery of gonadotrophins to the granulosa cells of the developing follicles. Therefore, we should incorporate the assessment of the ovarian stromal blood flow in the management of PCOS women undergoing ovulation induction or ovarian stimulation in order to reduce the associated risk of ovarian hyperstimulation syndrome. Further studies are definitely needed in this area.
In summary, normal fertile controls and PCOS women had similar total ovarian 3D power Doppler flow indices and serum VEGF concentration after adjusting the difference in age of women. Normal weight PCOS patients had significantly higher total ovarian 3D power Doppler flow indices than their overweight counterparts.
